This is the peer reviewed version of the following article: B.E. analysis of bottom sediments in dynamic fluidstructure interaction problems, in Engineering Analysis with Boundary Elements, 30 (2) 124-136, which has been published in final form at http://dx.doi. A three-dimensional BE model for the analysis of sediment effects on dynamic response of those structures is presented in this paper. One of the most extended models for sediment materials corresponds to Biot's fluid-filled poroelastic solid. The BE formulation for dynamics of poroelastic solids is reviewed including a weighted residual formulation more general and concise than those previously existing in literature.
INTRODUCTION
This paper is intended to present a three-dimensional boundary element (BE) model and its application to the dynamic analysis of coupled structural systems including different kind of regions: solids, fluids, and fluid saturated porous materials. The model is used to study the influence of sediment materials and their properties, on the dynamic response of large civil engineering structures such as dams and harbor structures which are examples of constructions where those effects are significant.
In the case of seismic behavior of concrete dam-reservoir systems, factors related to hydrodynamic pressure on the dam upstream face are particularly important. Bottom sediments absorb energy of the hydrodynamic waves and therefore increase damping in the dam-reservoir-foundation system. Due to gravity, sediments may acquire a certain level of gradual consolidation through depth during the sedimentation process. Thus, the sediment is a material whose properties vary with depth and are different to those of the reservoir water. Sediments with a high level of consolidation provide the system with a significant energy dissipation capacity and can be modelled as a porous saturated material. In the present study, the concrete dam will be represented as a viscoelastic solid, the water as an inviscid compressible fluid, and the sediment, depending of its consolidation degree, as a compressible scalar domain with depth increasing density, as a porous saturated medium whose skeleton has acquire certain elastic capacity, or as a combination of both.
Numerous studies related to dam-reservoir systems where bottom sediments are represented as viscoelastic solids [1] [2] [3] [4] o poroelastic domains [4] [5] [6] [7] [8] [9] [10] [11] , have been published in the literature. Porous sediment effects on hydrodynamic pressure were first analyzed by Cheng [5] who showed the influence of their compressibility, highly dependent on the presence of undissolvable gases, using a one dimensional model.
Bougacha and Tassoulas [6] [7] [8] , Chen and Hung [9] and Domínguez et al. [10] studied the effects of sediments on gravity dam response using coupled 2-D models where the sediment is a Biot´s poroelastic material and water-sediment and foundation-sediment interaction are considered using 2-D equilibrium and compatibility conditions. Those authors concluded that bottom sediments can change the dynamic behavior of the system to a significant extent, in particular when the sediments are partially saturated.
To the best of our knowledge, the only model existing in the literature dealing with the dam-reservoir-sediment system as a fully coupled 3-D dynamic system is that recently presented by the authors [11] . This three-dimensional model was developed for the analysis of porous material effects on dynamic response of arch dams, harbor structures and other fluid-structure mechanical systems containing porous domains. It is based on previous 3-D Boundary Element models developed by the authors for the seismic study of arch dams including water-soil-structure interaction effects [12, 13] , and on a 2-D model presented in [10] for the analysis of porous sediment effects on gravity dams. All the regions in the system; i.e., viscoelastic solids, compressible fluids and two-phase fluid saturated porous materials, which behavior is described by Biot´s theory [14] , are represented by boundary integral equations and discretized into boundary elements. The boundary integral equations for dynamic behavior of porous materials were first presented by Domínguez [15, 16] and by Cheng et al. [17] , in slightly different form.
The formulation presented in the present paper starts from weighted residual statements in terms of only four variables and is simplified by the use of equivalent complex densities including dissipation. The resulting integral equations are equivalent to those in refs. [10, [15] [16] [17] . Interaction between different materials is accounted for rigorously by setting equilibrium and compatibility conditions on interfaces. The analysis is carried out in the frequency domain.
The main objectives of the present study are: first, to improve a coupled 3-D boundary element model able to properly represent all the regions of the problem and the important dynamic interaction phenomena existing between them; second, to analyze the effects that bottom sediments with different levels of consolidation through depth have on the dynamic response of the 3-D coupled system; and third, to study the effect of different geometries (depth) and properties (consolidation, compressibility and permeability) of the sediment layer on the system response.
In the following, the term "consolidated" will be used for the sediment when it can transmit shear waves. On the opposite, the term "non-consolidated" will be used when the shear-wave transmission capacity of the sediment is negligible. In order to asses the capabilities of the model and to analyse the different effects with a reasonable computational cost, a system whose geometry and boundary conditions are basically 2-D is studied first. Then, a fully 3-D arch dam-reservoir-foundation system where foundation radiation damping plays an important role is studied. Numerical results obtained for both geometries are analysed in order to show the influence of sediment material properties and geometry on the system response.
FORMULATION
Models used for the dynamic analysis of coupled systems that may consist of poroelastic, fluid and solid regions should be able to represent the dynamic behavior of fluid-filled poroelastic regions, compressible fluid regions, viscoelastic solids, and the interaction between any two of these domains at interfaces.
The fluid (water in this study) is assumed to be inviscid and subject to small-motion pressure waves. Under these assumptions, the well known scalar integral equation formulation and a boundary element discretization can be established for this region to obtain a system of w N equations which can be written [18] as: Porous regions are assumed to be a fluid-filled poroelastic material governed by Biot's equations [14] . The constitutive equations are:
where: τ ij are the solid skeleton stress components; τ is the fluid equivalent stress = -φ p (p = pore pressure); φ the porosity; ε ij are solid skeleton strain components = 
where, in order to simplify the equations, the dissipation constant has been included as part of complex valued densities: 
By substitution of (5) and (2b) into (3a) and taking the divergence of equation (3b) the following equilibrium equations in terms of only four variables are obtained: 
Internal damping of the solid skeleton can be introduced using a complex valued Lame The reciprocity relation between two dynamic poroelastic states defined in a domain Ω with boundary Γ, in terms of four independent solid and fluid variables, were first obtained by Domínguez [15, 16] and Cheng et al. [17] . Both formulations are equivalent although some differences exist between them: on the one hand the chosen variables are different; on the other hand, the integral equation is obtained from a reciprocal theorem in [17] whereas a weighted residual formulation from equilibrium equations is used in [15, 16] . The weighted residual formulation, however, can be written in a more general form from governing equations. Thus, starting from (6), in condensed form and index notation: 
and 
by using integration by parts and the divergence theorem, the following reciprocal relation can be obtained:
where, t i = τ ij n j are the traction components on the solid phase, U n = U i n i is the normal displacement of the fluid, and
. Obviously, the above equation is equivalent to the equations proposed in [15, 16] , although Equation (9) The fundamental solution terms are obtained using the thermo-elastic analogy and
Kupradze's et al.
[20] solution for that kind of problems. They are given in [11] .
A boundary element discretization of Equation (10) There are six kinds of interfaces in the problem at hand: poroelastic-viscoelastic, waterporoelastic, water-viscoelastic, poroelastic-poroelastic, water-water and viscoelasticviscoelastic. The compatibility and equilibrium conditions along the interfaces are detailed in Table 1 , where n is the normal unit vector to the interface and super-indexes s, w and p denote viscoelastic solid, water region and poroelastic material, respectively. These interface conditions for six different situations are enough to define a well-posed problem in each case.
Most dynamic soil-structure interaction problems include semi-infinite regions where the radiation damping plays an important role. The boundary element technique is able to represent these regions and the radiation damping very simply. The boundaries of the semi-infinite regions are left open at a certain distance from the zone of interest. The radiation damping is automatically represented since fundamental solutions satisfy radiation conditions [18] .
SIMPLE DYNAMIC SEDIMENTS-FLUID-STRUCTURE INTERACTION PROBLEM
A coupled problem with a simple geometry including water, viscoelastic solid and fluid filled poroelastic solid is analyzed in this section. This numerical experiment is intended to understand the dynamic behavior of the coupled system, to explain the wave propagation mechanisms appearing in it, and to asses some of the parameters related to sediment effects on the seismic response of 3-D arch dams. A parametric study including the influences of degree of saturation, permeability, heterogeneity and degree of consolidation of the bottom sediment is carried out.
Problem definition
A very simple 3-D water reservoir with the cross section shown in Figure 1 is studied. 
Consolidated sediment model
The consolidated sediment is represented as a water saturated poroelastic domain (Biot [14] ). A uniform sediment is first assumed (variable properties through depth will be considered later). The sediment properties, as taken from [8] , are: porosity
shear modulus of the solid skeleton 
Consolidated sediment model -Influence of porous material saturation degree
The existence of gas particles in the pore water of the porous solid changes its effective bulk modulus according to the following equation presented by Verruijt [21] In order to see how changes in sediment saturation alter the hydrodynamic pressure in the system the pressure at a point on the wall face at a depth z = 0.6 H, has been represented versus frequency in Figure 5 for vertical excitation, sediment thickness h = 0.2 H and three situations: no sediment, fully saturated sediment and 99.5% partiallysaturated sediment. It is clearly seen in the figure that the effect of the fully saturated sediment is only a small shift of the resonance peaks. The pressure for partially saturated sediment is significantly different to that of the no sediment situation for all the frequency range. The first peak of the coupled system (shown in Figure 4 ) was not changed significantly by the partially saturated sediment because it is mainly associated to the wall first natural frequency.
Consolidated sediment model -Influence of sediment permeability
To study the influence of sediment permeability on the dynamic response, a brief analysis of its effects on the characteristics of the waves in the sediment is done first.
Variation of the P1 and S wave propagation velocity of the order of 20% exist for the permeability range shown in Figure 6 , where wave velocity amplitude variation for two Figure 7 . It is seen that permeability effect is very small for the fully saturated sediment (Figure 7a ). It does not change the first resonance peak and only changes slightly the upper peaks. In the partially saturated case (99.5%) shown in Figure 7b , no change is noticed in the first resonance peak and the main influence of a permeability increase is a reduction of the sediment damping effect for frequencies higher than the first resonance peak, in particular for the second and third peaks. Notice that the change in the P2 wave velocity has an important influence on the local response of the sediment even in the fully saturated case but not on the wall response. Figure 8a shows the vertical displacement amplitude of the solid skeleton of the fully saturated sediment at a point on the water-sediment interface at a distance d = 60 m from the wall face when a unit vertical displacement is prescribed at the bottom.
These displacement values depend very much on permeability and are very close, except for the small secondary peaks, to those predicted by the exact solution of the 1-D problem of a uniform water layer on a fully saturated sediment layer. Nevertheless, hydrodynamic pressure at water-sediment interface present very little variation with permeability ( Fig.8b) and so does the hydrodynamic pressure at d = 0 at water-sediment interface (results not shown), and the vertical displacement of the skeleton at the sediment-wall interface d = 0 (Fig.8c) . This facts lead to a little dependence of the wall response on the fully saturated sediment permeability in spite of the important changes observed on the motion of the skeleton away from the wall. In the partially saturated sediment case (Fig.8d ) changes in permeability produce changes in the amplitude of resonance peaks of the hydrodynamic pressure that eventually lead to the variations in the wall response already shown in Fig.7b .
Consolidated sediment model -Influence of sediment heterogeneity
Sediments are consequence of a settling process where gravity plays a key role. There is certain level of uncertainty about the actual mechanical properties of the resulting medium and consequently about the type of mechanical model most appropriate to represent its behaviour. It is worth to study the influence of the gradient of the sediment mechanical properties and its level of consolidation on the system dynamic response.
The effect of the first of these two factors is studied in the present section and the second in the next one. Assume a graded consolidated porous sediment layer of depth h = 0.4 H whose mechanical properties vary with depth from those of water, at the water sediment interface, to those assumed for the porous sediment of the previous analysis at the bottom level. Due to the lack of a fundamental solution for graded saturated porous materials, the sediment will be represented by four uniform layers with different properties. All of them are modelled as Biot's porous saturated domains. Figure 9 shows the boundary element discretization used for this case. The depth varying mechanical properties are given for the four layers in Figure 10 . Other properties; i.e., ν, ρ s , ρ f and ρ a , are kept constant through depth and their values are equal to those assumed in the previous analysis. The effect of the sediment heterogeneity on the response is shown in Figures 11a, 11b and 11c for sediments with a 100%, 99.95% and 99.5% saturation degree at the bottom level, respectively. Note that the saturation degree in the last two cases (Figures 11b and 11c) vary from 100% at the water-sediment interface to 99.95%
and 99.5%, respectively, at the bottom level. It can be concluded from the figures that the gradient of the sediment properties does not produce relevant effects for fully saturated sediments; only a small shift in the second and third resonant frequencies (Figure 11a ). Changes with depth of the sediment properties have significant effects on the system response for non-saturated sediments. These effects are more important as the saturation degree decreases (Figures 11b and c) . No differences are observed next to the first resonant frequency in all cases.
Influence of sediment consolidation degree
The system response for three different sediment strata will be studied in this section.
The first case corresponds to the stratum with four poroelastic layers, whose properties are given in Figure 10 , and has been studied in the previous section. For the second case ("partially consolidated sediment") it is assumed that the two upper layers behave as scalar media as they are not consolidated. The material of these layers is not able to transmit shear waves. The two lower layers have certain elastic properties and behave as Biot's poroelastic media. Mechanical properties for the four different layers are given in Figure 12a . The third stratum considered ("non-consolidated sediment"), consist of four uniform layers whose density increases with depth. In this case it is assumed that none of the layers can transmit shear waves and that the only effect of sedimentation is increasing the material density. Mechanical properties for this case are given in Figure   12b . The boundary element discretization for the three cases is the same used before (Figure 9 ). Figure 13a shows the amplification of the base motion at the top of the wall for the three 100% saturated sediment models (consolidated, partially consolidated and non-consolidated) when a time harmonic horizontal motion is prescribed at the bottom of the model. These results show that the type of sediment has little influence on the response at the top of the wall. Only the model corresponding to sediments without any shear wave transmission capacity yield a slightly different response with higher amplification at the upper resonant peaks.
The existence of a little amount of gas in the sediment can only be explained when a solid skeleton exist; i.e. when a two-phase poroelastic material is assumed (consolidated or partially consolidated), and not when the sediment behaves as a liquid with increasing density (non-consolidated). Therefore, partial saturation is only assumed when the sediment has certain level of consolidation and a Biot poroelastic model is used to represent its behaviour. The effects of the consolidation level for two partially saturated sediments are shown in Figures 13b and 13c . In the consolidated case the four layers of sediment are poroelastic solids whereas in the partially consolidated case only the two lower layers are assumed to behave as poroelastic solids. In both cases, the saturation degree decreases from 100% at top of the sediment to 99.95% or 99.5% at bottom level (Figures 13b and 13c, respectively) . It can be observed from Figures 13b and 13c that there is a significant influence of the consolidation degree on the dynamic response when there is a certain amount of gas trapped in the sediment. This influence is more important as the excitation frequency increases and the saturation degree decreases.
3-D SEDIMENT-FLUID-STRUCTURE INTERACTION PROBLEM. DYNAMIC RESPONSE OF ARCH DAMS.
It is important to analyse some of the factors studied in the previous sections for a more realistic coupled system that behaves in a really 3-D manner. To do so, a purely 3-D dynamic interaction problem is study in this section using the same Boundary Element In the case of consolidated sediments, compressibility plays a key role on the dynamic response of couple systems of this type. Existence of gas particles in bottom sediments highly influences this parameter, and consequently the system response. Fully saturated sediments have little influence on the system response, in particular for low and intermediate frequencies, whereas partially saturated sediments produce important changes in the response. These changes significantly depend on the sediment thickness and properties, being different for layered than for homogeneous sediments.
Permeability of partially saturated sediments has an important effect on the system response. Changes in permeability do not change to a significant extent the resonance frequencies of the system but modify the damping effect of the sediment by changing the peaks amplitude. An increase of permeability leads to an increase of the higher mode peaks amplitude.
The consolidation degree does not play an important role as long as the sediment is fully saturated. Partially saturated sediments may induce a different response of the system depending on their consolidation degree. Table 3 . Mechanical properties for poroelastic material layers in partially consolidated stratum (Figure 12a ). Table 2 for mechanical properties for three different saturation degrees. 
